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The power loss P of hot Dirac fermions through the coupling to the intrinsic intravalley and
intervalley acoustic and optical phonons is analytically investigated in silicene as a function of
electron temperature Te and density ns. At very low Te, the power dissipation is found to follow the
Bloch-Gru¨neisen power-law ∝ T 4e and n−0.5s , as in graphene, and for Te . 20−30 K, the power loss is
predominantly due to the intravalley acoustic phonon scattering. On the other hand, dispersionless
low energy intervalley acoustic phonons begin to dominate the power transfer at temperatures as low
as ∼30 K, and optical phonons dominate at Te & 200 K, unlike the graphene. The total power loss
increases with Te with a value of ∼1010 eV/s at 300 K, which is the same order of magnitude as in
graphene. The power loss due to intravalley acoustic phonons increases with ns at higher Te, whereas
due to the intervalley acoustic and optical phonons is found to be independent of ns. Interestingly,
the energy relaxation time in silicene is about 4 times higher than that in graphene. For this reason,
silicene may be superior over graphene for its applications in bolometers and calorimeters. Power
transfer to the surface optical phonons PSO is also studied as a function of Te and ns for silicene on
Al2O3 substrate and it is found to be greater than the intrinsic phonon contribution at higher Te.
Substrate engineering is discussed to reduce PSO.
PACS numbers: 72.10.Di, 72.20.Ht, 72.20.Pa, 73.50.Lw, 81.05.Zx.
I. INTRODUCTION
Silicene, a monolayer of silicon atoms arranged in hon-
eycomb lattice in two-dimensions (2D), has generated a
strong interest in the condensed matter physics commu-
nity [1–21]. Because of the similarity of the lattice struc-
tures, the band structure of silicene is similar to that
of graphene, and charge carriers are massless relativistic
Dirac fermions. This material has drawn much attention
because of its hopeful applications in Si nanoelectronics
due to its compatibility with the existing silicon-based
electronics technology and a tunable band-gap that can
be created at room temperature by application of an elec-
tric field perpendicular to the monolayer of the atoms [4].
Moreover, because of the larger spin-orbit coupling, the
spin quantum Hall effect is shown to be stronger [3, 7].
Even though the possibility of obtaining free-standing
silicene has been demonstrated theoretically [8], it has
not been synthesized yet. However, silicene is grown on
the surface of Ag(111) [2, 5, 6]. The first silicene field-
effect transistor (FET) on a polar substrate Al2O3, op-
erating at room temperature, was successfully demon-
strated by Tao et al. [10] with an on/off ratio ∼10,
and hinting at the existence of a bandgap of about
∼210 meV [10, 11].
Characterization of electronic transport of the mate-
rial is critical for assessing and understanding its po-
tential significance for its applications in electronic de-
vices. In suspended silicene, phonon limited electron
mobility and velocity-field characteristics are the most
theoretically studied electronic transport properties by
∗ Corresponding author; sskubakaddi@gmail.com
considering the electron scattering by intrinsic intraval-
ley and intervalley acoustic phonons (ap) and optical
phonons (op) [9, 12–14, 16]. The phonon branches taken
into account are the longitudinal acoustic (LA), trans-
verse acoustic (TA), out-of-plane acoustic (ZA), longi-
tudinal optical (LO), transverse optical (TO) and out-
of-plane optical (ZO). Employing the full-band Monte
Carlo (FMC) model [9] and the analytical Monte Carlo
(AMC) model [12, 13, 16], the predicted room tempera-
ture mobility is ∼1000 cm2/Vs, and the saturation drift
velocity is about 5−10×106 cm/s. From the first princi-
ple calculations, using the FMC model Li et al. [9] have
determined the phonon energies and deformation poten-
tial coupling constants for the intravalley and intervalley
LA, TA, and ZA phonons and intravalley and intervalley
LO, TO, and ZO phonons. However, the experimental
work on these transport properties is scarce, with the
first FET on Al2O3 exhibiting a room temperature mo-
bility of ∼100 cm2/Vs [10]. Scattering by surface polar
optical (SO) phonons is considered in an attempt to ob-
tain this value [12].
Because of its buckled structure, in suspended sil-
icene the electron scattering by out-of-plane acoustic
flexural (ZA) modes, due to their parabolic disper-
sion, is very strong [15] giving extremely low mobility
∼10−3 cm2/Vs at 300 K. Different damping models, yet
elusive, of ZA phonon scattering, have been rigorously
discussed [15, 16, 19]. Better mobilities 701 cm2/Vs [19]
and 1200 cm2/Vs [16] and saturation velocity (∼8 ×
106 cm/s) [16], useful for practical purposes, are ob-
tained. For applications in electronic devices, there is
a need for suppressing the scattering by out-of-plane
ZA phonons with parabolic dispersion in buckled sil-
icene. It is to be noted that in the theoretical work of
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2Refs. [9, 12, 13, 16], the ZA phonons were artificially reg-
ularized by approximating the parabolic dispersion with
an ad hoc linear dispersion at long wavelengths. This
model is accepted in our present work.
Amongst the transport properties, what remains to be
investigated theoretically is the power dissipation of hot
Dirac fermions to the lattice in silicene. In photoex-
cited samples and the samples subject to high electric
fields, due to the electron-electron interactions occurring
at much faster time scale than the electron-phonon pro-
cesses, the electron system establishes its internal ther-
mal equilibrium at an electron temperature Te greater
than the lattice temperature T and electrons are driven
out of equilibrium with the lattice. In steady-state, these
electrons will relax towards equilibrium with lattice by
losing energy with phonons as the cooling channels. This
is an important phenomenon as it affects thermal dis-
sipation and heat management which are key issues in
nanoscale electronic devices. A quantitative understand-
ing of this hot electron (Dirac fermions) cooling power
(i.e. power loss) in silicene is of central importance as
the device performance in the high field is determined by
these hot electrons. In addition, this property is crucial
for applications in a variety of devices such as calorime-
ters, bolometers, infrared and THz detectors.
In this work, we analytically study the hot Dirac
fermion power loss due to intrinsic acoustic and opti-
cal phonons in suspended silicene and due to the surface
polar optical phonons in samples on the substrate. We
present a general theory for the electron cooling power via
the different phonon baths, including surface phonons,
in Section 2. The results and discussion of our numer-
ical calculations of the cooling powers as a function of
electron temperature Te and electron density ns are pre-
sented in Section 3. Conclusions are given in Section 4.
II. ANALYTICAL MODEL FOR THE POWER
LOSS
The energy band structure of the silicene is given by
the Dirac cone analytical relation Ek = ~vF |k| with the
density states D(Ek) = gEk/[2pi(~vF )2], where Ek is the
electron energy, k is the wave vector, g = gvgs, gv(gs) is
the valley (spin) degeneracy, and vF = 5.8×107 cm/s [9]
is the Fermi velocity in silicene. This approximation of
linear dispersion is limited for the electron energy up to
0.2 eV [12, 16] and the range of electric field considered
in the present work is such that the average electron en-
ergies are below this value. The electron distribution is
assumed to be given by the heated Fermi-Dirac distribu-
tion f(Ek) = {exp[(Ek − µ)/kBTe] + 1}−1, where µ is
the chemical potential of the Dirac fermions determined
by 2D electron density ns =
∫
f(Ek)D(Ek)dEk. We in-
vestigate the electron cooling power P in suspended sil-
icene considering the electron interaction with the intrin-
sic acoustic and optical phonons as the cooling channels.
Electrons are assumed to couple with phonons of energy
~ωqλ with branch index λ and wave vector q via acoustic
and optical intravalley and intervalley deformation po-
tential coupling [9]. Electron interactions with phonons
close to the Γ point of the Brillouin zone can be con-
sidered as intravalley (Γ point wave vector) scattering,
while interacting with phonons close to K point can be
regarded as intervalley (K point wave vector) scatter-
ing causing K → K ′ transition events. In our model,
we include intrinsic intravalley and intervalley acoustic
phonons (λ = LA, TA, and ZA) and intravalley and in-
tervalley optical phonons (λ = LO, TO, and ZO). Linear
dispersion ωqλ = vλq, where vλ is the acoustic phonon
velocity of the branch λ, is assumed for the intravalley
acoustic phonon scattering, including ZA phonons reg-
ularized [9, 12, 13, 16]. While, for intervalley LA, TA
and ZA modes and for intravalley and intervalley optical
modes ~ωqλ is dispersionless and take the respective con-
stant phonon energy values ~ωqλ = ~ω0λ [9]. Moreover,
we also present P calculations for silicene on the Al2O3
substrate, in which case scattering by surface polar opti-
cal (SO) phonons of energy ~ωSO provides an additional
cooling bath.
The hot electron power loss to the phonons of branch
λ is given by Pλ = (1/Ne)
∑
q ~ωqλ(dNqλ/dt)el-ph, where
Ne is the total number of electrons and (dNqλ/dt)el-ph
is the rate of change of phonon distribution Nqλ due to
electron-phonon (el-ph) coupling. The phonon rate equa-
tion (dNqλ/dt)el-ph, using Fermi golden rule, is given by
(
dNqλ
dt
)
el-ph
=
2pig
~
∑
k
|Mλ(q)|2Fλ(k, k’)
× δ(Ek’ − Ek − ~ωqλ), (1)
where a composite Fermi-boson distribution is defined
as Fλ(k, k’) = {(Nqλ + 1)f(Ek + ~ωqλ)[1 − f(Ek)] −
Nqλf(Ek)[1−f(Ek+~ωqλ)}, which is zero when Te = T .
A. Electron power loss due to intravalley acoustic
phonons
The electron cooling power due to the intravalley (Γ
point) acoustic phonon (λ = LA, TA, and ZA) scatter-
ing is obtained using the electron-acoustic phonon ma-
trix element |Mλ(q)|2 = |gλ(q)|2G(θ), where |gλ(q)|2 =
(D21λ~q/2Aρmvλ) [9, 22], D1λ is the first-order acoustic
deformation potential coupling constant, ρm is the areal
mass density of the silicene, A is the area, θ is the angle
between initial k and final k′ wave vectors of the electron
and we define the chiral function G(θ) = (1 + cos θ)/2
arising from the spinor wave function of the electron.
The power loss Pap,λ due to intravalley acoustic phonons
3is given by [23]
Pap,λ = − gD
2
1λ
4pi2nsρm~5v3λv3F
∫ ∞
0
d(~ωqλ)(~ωqλ)2
×
∫ ∞
γ
dEk
(Eλ + ~ωqλ)G(Eq, Ek)
[1− (γ/Ek)2]1/2 [Nqλ(Te)
−Nqλ(T )][f(Ek)− f(Ek + ~ωqλ)], (2)
where γ = Eq/2 with Eq = ~vF q, Nqλ =
[exp(~ωqλ/kBT )− 1]−1 is the Bose-Einstein distribution
at lattice temperature T , and G(θ) = G(Ek, Eq) =
[1 − (γ/Ek)2] in the quasi-elastic approximation. Here,
the screening of el-ph interaction is ignored as it is theo-
retically and experimentally justified for deformation po-
tential coupling in graphene [22–28].
At very low-temperature T , Te  TBG, where TBG =
(2~vλkF /kB) is the Bloch-Gru¨neisen (BG) temperature,
the cooling power is given by the simple power law [23]
Pap,λ = P0λ(T
4
e − T 4)/n1/2s , (3)
with P0λ = P0(D
2
1λ/v
3
λ) and P0 = (pi
5/2k4B)/(15ρm~4v2F ).
B. Electron power loss due to intervalley acoustic
and intravalley and intervalley optical phonons
(dispersionless phonons)
The theory of electron power loss due to optical
phonons via optical deformation potential coupling in
graphene is given in Refs. [24, 25, 29]. We have obtained,
following Refs. [30, 31] an expression for the electron cool-
ing power Pap,op,λ due to intervalley (K point) acous-
tic phonons (LA, TA, and ZA) and intravalley (Γ point)
and intervalley (K point) optical phonons (LO, TO, and
ZO) taking account of hot phonon effect. Employing the
matrix element |gλ(q)|2 = (D20λ~/2Aρmω0λ) [9], where
~ωqλ = ~ω0λ is the phonon energy of λth mode, D0λ
is the zeroth order deformation potential constant, the
power loss Pap,op,λ is given by
Pap,op,λ = − ~ω0λ
2pins(~vF )2
∫ ∞
Eql,λ
dEqEq[(Nqλ + 1)e
−β~ω0λ
−Nqλ]Γλ(q), (4)
where β = 1/(kBTe),
Γλ(q) =
gD20λ~
2piρm(~vF )2(~ω0λ)
Iλ(Eq, ~ω0λ), (5)
Iλ(Eq, ~ω0λ) =
∫ ∞
Eklλ
dEkEkGλ(Ek, Eq)Zλ(Ek, Eq)
× (Ek + ~ω0λ)
EkEq
f(E)k)[1− f(Ek + ~ω0λ)],
(6)
Zλ(Ek, Eq) =
2EkEq√
4E2kE
2
q − [(~ω0λ)2 + 2Ek~ω0λ − E2q ]2
,
(7)
Eklλ = (Eq − ~ω0λ)/2, and Eqlλ = ~ω0λ. (8)
For optical phonons in graphene Gλ(Ek, Eq) = (1/2){1±
[(E2k − E2q ) + (Ek + ~ω0λ)2]/2Ek(Ek + ~ω0λ)} [29, 32].
However, we have set |Gλ(Ek, Eq)| = 1 in our calcula-
tions, matching with Li et al. [9], as its form is clearly not
known for all the dispersionless phonons considered here.
The hot phonon distribution function Nqλ, obtained by
solving the phonon Boltzmann transport equation in the
relaxation time approximation, is given by Nqλ = [N
0
qλ+
τpλΓλ(q)exp(−β~ω0λ)]/{1+τpλΓλ(q)[1−exp(−β~ω0λ)]},
where N0qλ is the Bose-Einstein distribution function for
phonons at lattice temperature T and τpλ is the relax-
ation time of the λth branch phonon.
C. Electron power loss due to surface polar optical
(SO) phonons
For a silicene on substrate Al2O3 [10, 17] it has been
shown that SO phonon scattering contributes signifi-
cantly and degrades electron mobility [12]. The power
loss due to SO phonons, PSO, has been studied for mono-
layer graphene on substrate, without considering the hot
phonon effect [29, 33], and for bilayer graphene with
hot phonon effect [30]. We obtain an expression for
PSO, taking account of screening and the hot phonon ef-
fect. In graphene, the electron-SO (el-so) phonon interac-
tion matrix element for the SO phonons of energy ~ωSO
is given by |gSO(q)|2 = e2F 2[exp(−2qd)]/q [34], where
F 2 = (2pi~ωSO/A)p is the square of the Fro¨lich coupling
constant for SO phonon, p = [(
∞
ox + 1)
−1− (0ox + 1)−1],
0ox(
∞
ox) is the static (high frequency) dielectric constant
and d is the distance of the substrate from silicene layer.
The expression for PSO is found to be the same as Eq. (4),
with replacement of ~ω0λ by ~ωSO and Γλ by
ΓSO(q) =
2ge2~ωSOp
~2vF
(
e−2Eq(d/~vF )
Eq2(q)
)
I(Eq, ~ωSO).
(9)
Here I(Eq, ~ωSO) is the same as Eq. (6) with ~ω0λ re-
placed by ~ωSO and |GSO(Ek, Eq)| = (1/2){1 + [(E2k −
E2q ) + (Ek + ~ωSO)2]/2Ek(Ek + ~ωSO)}. The temper-
ature dependent static screening function is given by
(q, T ) = [1 + (qs/q)] [29, 34], where the screening
wave vector qs = (2pie
2/s)
∫
(∂f/∂E)D(E)dE [29] with
s = (
0
ox + 1)/2, the dielectric constant average of the
substrate and vacuum [34]. It is to be noted that there
are two surface phonons SO1 and SO2 of different energy
for substrate Al2O3 [34].
III. RESULTS AND DISCUSSION
In this section we present the numerical calculations
of hot electron power loss due to different competing
channels in silicene for the electron temperature range
Te = 1 − 300 K and electron density ns = 1 − 10 n0,
where n0 = 1 × 1012/cm2 throughout the discussion.
4The power loss is presented at two lattice tempera-
tures T = 0.1 K and 4.2 K. The material parameters
of the silicene used are [9]: ρm = 7.2 × 10−8 g/cm2,
g = 4, vLA = 8.8 × 105 cm/s, vTA = 5.4 × 105 cm/s,
vZA = 0.63 × 105 cm/s, and vF = 5.8 × 107 cm/s for
the suspended sample. The deformation potential con-
stants D1λ and D0λ and phonon energies ~ω0λ taken
from Li et al. [9] are listed in Table I. For the sam-
ple supported on Al2O3 substrate, the two surface po-
lar optical phonon energies (~ωSO1 and ~ωSO2) and the
dielectric constants of the substrate given in Table II
are taken from Refs. [34, 35], with the modified Fermi
vF = 3.4 × 107 cm/s [12]. While considering the hot
phonon effect, τp = 0, 1 and 5 ps are chosen for illustra-
tion for all the optical phonons and intervalley acoustic
phonons. We note that the phonon relaxation times τp
are found to be different for different branches and are
in the range 1 − 1.5 ps except for LA and ZO phonon
modes at K point for which τp = 2.5 and 5.0 ps, respec-
tively [36].
A. Power loss due to intrinsic intravalley and
intervalley acoustic and optical phonons
First we explore the temperature dependence of the
power loss Pap due to intravalley acoustic phonon scat-
tering in the range Te = 1− 100 K at T = 0.1 K. At low
temperatures, where the thermal energy of the electron
distribution is much smaller than the intervalley acous-
tic and intravalley and intervalley optical phonon ener-
gies, the heat dissipation is dominated by the intravalley
TABLE I. Phonon energies at the Γ and K symmetry points
and extracted deformation potential constants for electron-
phonon interaction for monolayer silicene (Li et al. [9]).
Phonon Phonon energy Deformation potential
modes (meV) constants
Intravalley Intervalley
Γ K D1, D0 D0(eV/cm)
LA 0 13.2 3.2 eV 4.2× 107
TA 0 23.7 8.7 eV 1.4× 108
ZA 0 13.2 2.0 eV 6.1× 107
LO 68.8 61.7 1.9× 108 eV/cm 1.7× 108
TO 68.8 50.6 1.8× 108 eV/cm 1.4× 108
ZO 22.7 50.6 6.3× 107 eV/cm 4.3× 107
TABLE II. Material parameters of Al2O3 substrate [34, 35].
Quantities Values
Fermi velocity vF 3.4× 107 cm/s
Average dielectric constant s 6.76
Low frequency dielectric constant 00x 12.53
High frequency dielectric constant ∞0x 3.2
Surface optical phonon energy ~ωSO1 55.01 meV
Surface optical phonon energy ~ωSO2 94.29 meV
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FIG. 1. Power loss Pap due to intravalley acoustic phonons as
a function of electron temperature Te, at lattice temperature
T = 0.1 K. Curve PGr, LA is the power loss in graphene.
acoustic phonon scattering. In this regime, the cooling
power due to each of the intravalley acoustic phonons
scattering can be described by the generic power-law be-
havior Pap,λ = Σλ(µ, Te)(T
δ
e − T δ) [23, 25], where Σλ is
the coupling constant that depends on the chemical po-
tential µ and the electron temperature Te, and δ is the
exponent of the power-law which overall decreases with
increasing temperature. These dependencies of Σλ and
δ are determined by the el-ph matrix element and the
composite Fermi-boson distribution function Fλ(k,k
′).
At very low temperature T , Te  TBG, from Eq. (3),
Pap ∝ T 4e and n−1/2s . Expressing ns in terms of ns0,
where ns = ns0 × 1012 cm−2, we find P0LA = 5.46 ×
10−18/n1/2s0 , P0TA = 1.75 × 10−16/n1/2s0 , and P0ZA =
5.81 × 10−15/n1/2s0 W/K4-cm. For graphene, for the pa-
rameters in Ref. [23], P0LA = 5.23 × 10−18/n1/2s0 W/K4-
cm, which is nearly same as the P0LA in silicene. In
silicene TBG = 23.83
√
ns0, 14.62
√
ns0, and 1.706
√
ns0,
respectively, for LA, TA and ZA phonons, where as in
graphene TBG = 54.15
√
ns0 for LA phonons [23].
In Fig. 1 the power loss Pap from the intravalley acous-
tic phonon scattering, with chiral function, is depicted as
a function of electron temperature Te for ns = n0 at
T = 0.1 K. Pap curves due to LA, TA, and ZA phonons
are shown along with the curve for T 4e power law. For
comparison Pap due to LA phonons in graphene from
Ref. [23] is also shown. The T 4e power law is obeyed by LA
(TA) phonons for about Te < 3 (2) K and ZA phonons
do not seem to show this power law in the Te region
shown, as its TBG is too small. It is found that for about
Te < 2 K, PZA is dominant, although coupling constant
is smaller, which can be attributed to the small phonon
energy (i.e. a large phonon occupation number) near the
zone center because of the small vZA = 0.63 × 105 cm/s
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FIG. 2. Power loss Pap due to intravalley acoustic phonons as
a function of Te with and without chiral function G(Eq, Ek),
at T = 0.1 K.
(about an order of magnitude smaller than vLA and vTA).
While for Te & 2 K, with increasing temperature, PTA is
dominating over PLA and PZA and for the large part of
the higher temperature region PTA is greater by ∼1 or-
der of magnitude. This may be attributed to the rela-
tively larger D1TA (> D1LA and D1ZA) and smaller vTA
(< vLA). The cross over temperature between PTA and
PZA phonons depends upon their vλ and D1 values. It is
also noticed that for Te . 3 K (& 30 K), PLA (PTA) in sil-
icene is almost same as that of graphene. We emphasize
that the values of D1 and vλ of the respective phonon
modes will play a significant role in determining their
relative contribution in different temperature region.
The effect of chiral function G(Ek, Eq) on Pap may be
seen by presenting it as a function of Te with and without
chiral function (Fig. 2). The Pap with chiral function is
about 2 − 4 times smaller than the Pap without chiral
function. The difference is larger at higher Te. It may
be recalled that the momentum relaxation time due to
intravalley acoustic phonons with chiral function [22] is
4 times smaller than the one without chiral function [9].
The electron density ns dependence of intravalley Pap
is shown in Fig. 3 for Te = 1 and 10 K. For comparison,
the curve with power law n
−1/2
s is also shown. It is found
that, at Te = 1 K (Fig. 3(a)), behavior of PLA and PTA
are as per the power law, where as PZA is not as its
TBG is very small. PZA > PLA andPTA and no cross
over is found. In graphene, power law n
−1/2
s has been
experimentally observed, and has been used to identify
the Dirac phase of the electron [37, 38]. At Te = 10 K
(Fig. 3(b)), PLA, PTA and PZA increase with ns. PTA is
much greater than PLA and PZA with cross over of PLA
and PZA at 1.2 K. Faster increase of PZA than the other
two indicates its stronger dependence on ns.
In Fig. 4, we have plotted Pap due to intravalley and in-
tervalley acoustic phonons in the range Te = 4.2−300 K,
for T = 4.2 K, taking the hot phonon effect for inter-
valley acoustic phonons with τp = 1 ps. Considering
the contribution to Pap only by the intravalley acous-
tic phonons, it is found that Pap due to TA phonons is
dominant in the entire range of Te, unlike the behav-
ior given for T = 0.1 K. At Te = 300 K, Pap due to
TA phonons is about 10(20) times greater than that due
to LA (ZA) phonons. In the contribution to Pap due
to intervalley acoustic phonons, for Te . 50 K, P due
to ZA phonons is predominant (because of their rela-
tively smaller ~ω0 = 13.2 meV and larger D0 = 6.1 ×
107 eV/cm), whereas for Te & 50 K, TA phonon contri-
bution is dominant. In both of these cases, LA phonon
contribution to Pap is significant and it is in between
(smaller than) the TA and ZA contributions for Te .
50 K (& 50 K). Comparing the Pap due to intravalley
and intervalley acoustic phonons, the latter is beginning
to dominate at relatively smaller Te > 20−30 K, because
of their smaller energies (see Table I). It is important to
note that, the relative contribution of these intervalley
modes to the power loss and their cross over depends
upon the phonon energy ~ω0λ and deformation potential
constant D0λ of the respective modes.
The contribution to power loss Pop by optical modes
LO, TO, and ZO (both intravalley and intervalley) is
shown in Fig. 5 for τp = 1 ps. For Te . 150 K,
Pop is governed by the intravalley ZO phonon scatter-
ing and for Te & 150 K, Pop due to LO and TO phonons
(both intravalley and intervalley) are equally dominating
(109 eV/s). The cross over in the contributions is again
determined by the respective phonon energies and their
deformation potential coupling constants. The values of
Pop, at Te = 300 K, are of the same order of magni-
tude as in graphene [24], but relatively smaller. The Pop
in silicene is about 2 orders of magnitude smaller than
those in monolayer MoS2 [39] and 3D Dirac semimetal
(3DDS) [31].
To analyze the relative contributions from the acoustic
and optical phonons, we have plotted in Fig. 6 the total
power loss due to acoustic intravalley PapT(intra), acous-
tic intervalley PapT(inter), optical intravalley PopT(intra)
and optical intervalley PopT(inter) as a function of Te.
These are calculated at T = 4.2 K, for ns = n0 and
τp = 1 ps. Moreover, the total contribution of acous-
tic phonons PapT = PapT(intra) + PapT(inter), optical
phonons PopT = PopT(intra) + PopT(inter) and total of
acoustic and optical PT = PapT + PopT are also pre-
sented. It is found that PapT(intra) is dominant for
Te . 30 K and PapT(inter) is dominant over all the other
mechanisms in the range ∼ 30 K < Te . 200 K, with
PapT ≈ PapT(inter). The cross over from PapT to PopT
takes place at about 200 K and above this Te the PopT is
predominant. It may be recalled that, in graphene, signif-
icant/dominant contribution to P from optical phonons
comes for Te & 250 K [24].
In order to understand the effect of heating of the op-
tical phonons on power dissipation, we show in Fig. 7
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Pop due to intravalley LO phonons as a function of Te
for τp = 0, 1 and 5 ps. It is observed that the hot phonon
effect is reducing the power loss, as expected because the
phonon heating leads to reabsorption processes. How-
ever, for the chosen ns we find that the reduction in
power loss is small as found in monolayer MoS2 [39], and
it is still smaller for phonons of small energy (ZO). The
same effect is found with the other intervalley acoustic
and optical phonons. It is expected that for still larger
ns (> 10n0), the reduction in Pop may be larger, because
large ns increases hot phonon number and thereby en-
hancing their reabsorption. Rengel and co-workers [36]
have shown that the hot phonon effect has less impact
on drift velocity in silicene than in graphene.
In Fig. 8, Pop is depicted for intravalley optical (LO,
TO and ZO) phonons as a function of ns for Te = 100
and 300 K and τp = 1 ps. For all the three modes,
Pop is found to be nearly constant in the range of ns =
1 − 10 n0 considered. A similar observation is made in
monolayer MoS2 [39] for ns up to n0. We expect nearly
the same ns independent behavior of the power loss due
to intervalley acoustic and optical phonons. We point out
that in graphene Pop is weakly increasing with ns [24].
We examine the influence of out-of-plane modes to the
power loss by plotting in Fig. 9 the results of the to-
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tal power loss due to acoustic and optical phonons with
and without considering the contribution from the out-
of-plane modes (ZA and ZO). The total of intravalley
acoustic phonons at T = 0.1 K with and without ZA
phonons is presented in Fig. 9(a). The total of intraval-
ley and intervalley acoustic phonons and optical phonons
are depicted in Fig. 9(b) and (c), respectively, with and
without the ZA and ZO phonon contributions. Finally,
the total of all the acoustic and optical modes with and
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FIG. 8. Power loss Pop due to intravalley optical phonons as
a function of electron density ns at Te = 100 and 300 K, for
τp = 1 ps and T = 4.2 K.
without the contribution of ZA and ZO phonons are de-
picted in Fig. 9(d). In Figs. 9(b), (c) and (d) the power
loss calculated is at T = 4.2 K. It is found from Fig. 9(a)
that, intravalley ZA phonon contribution is significant
for Te . 4 K, and becomes increasingly important as Te
decreases further. However, the intervalley ZA phonon
contribution is marginally significant in the entire range
of Te (Fig. 9(b)). Of all the optical modes, intraval-
ley ZO phonon is largely responsible for the power loss
(Fig. 9(c)), in particular for Te . 150 K. It is seen from
Fig. 9(d), for Te . 200 K, the contribution to power loss
due to acoustic phonons (intravalley and intervalley) is
dominating, whereas for Te & 200 K power loss by opti-
cal phonons is found to be marginally greater. Overall,
it is seen that (Fig. 9(d)), the addition of power dissipa-
tion due to out-of-plane (ZA and ZO) modes to the total
power loss makes a small difference.
In the following, we compare our calculations of to-
tal power loss (i.e. PT from Fig. 6) with the experi-
mental observations of Baker et al. in graphene with
ns ' 1 − 1.7ns0 [28, 37] in the range Te = 5 − 100 K,
noting weak dependence on ns. Interestingly, the total
power dissipated to the intrinsic phonons in silicene is
closer to the value experimentally observed in graphene.
For instance, for Te ' 20 (60) K, Baker et al. [28] have
observed P ' 6.0×10−13 (3.6×10−11) W, while our cal-
culations in silicene give 3.3×10−13 (1.9×10−11) W. How-
ever, at lower temperature our calculations give higher
values than the experimental results, because of the
large contribution from TA and ZA phonons than the
LA phonons. For example, at about 5 K, experimental
P ' 2 × 10−15 W [37], where as our calculations give
1.0× 10−14 W.
The energy relaxation time τe = (p + 1)(pikB)
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T 2)/(6EFP ), p being the exponent of the energy de-
pendence of the density of states, is calculated in sil-
icene using the total PT of our calculations (Fig. 6). In
Fig. 10, the Te dependence of τe is plotted together with
the curve fitting to the experimental data of Baker et al
in graphene [28]. For Te = 20 − 100 K, τe is found to
be about 4 times greater than that in graphene, and de-
creases monotonously with increasing Te. This may be
attributed to vF and P both about 2 times smaller in
silicene than in graphene. For this reason, silicene may
have edge over graphene for its applications in bolome-
ters and calorimeters because of its larger value of τe.
Interestingly, τe exhibits a peak at Te∼20 K and de-
creases with decreasing Te. It may be recalled that, this
is the region (Te < 20 K) in which Pap(intra), partic-
ularly PTA(intra)  PLA of graphene and silicene (see
Fig. 1), limits the total PT.
B. Power loss due to surface optical phonons
The power dissipation PSO1 and PSO2 due to the sur-
face optical modes SO1 and SO2, respectively, of the sub-
strate Al2O3 are shown in Fig. 11 for phonon relaxation
times τp = 0, 1 and 5 ps and T = 4.2 K. The contribution
from PSO1 is dominating in the entire range of Te. This
is due to the fact that the energy of SO2 (94.29 meV)
mode is much larger than that of the SO1 (55.01 meV)
mode, and the probability of the emission of the former is
much smaller. Hot phonon effect is found to significantly
reduce the power loss, unlike the intrinsic phonons. For
example, at Te = 300 K, both PSO1 and PSO2 reduce by
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FIG. 10. Energy relaxation time τe, obtained by using total
power loss PT of Fig. 6, as function of Te is compared with
the curve fitting to the experimental data of graphene [28].
about an order of magnitude when τp is changed from
0 to 1 ps. A similar large hot phonon effect is found in
3DDS, in which electron interaction with optical phonons
is via Fro¨hlich coupling [31].
The effect of screening is expected to degrade the
power loss PSO, however, it is found from Fig. 12 that the
reduction is small. The effect of screening occurs in two
places in the power loss. Because of the reduced inter-
action by screening, the hot phonon number is reduced,
which will enhance the power loss. On the other hand,
the power loss which is directly depending on electron-
SO phonon coupling strength may be reduced by screen-
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ing. These two causes may lead to the reduced effect of
screening on the power loss.
Transport studies in graphene on the substrate are car-
ried out for different values of distance d (∼0.2−0.8 nm)
between the substrate and graphene [34]. In order to see
the effect of d in silicene, PSO is presented in Fig. 13
for d = 0.5 and 1.0 nm. With the increasing separa-
tion, power dissipation is expected to degrade due to the
reduced interaction. However, as discussed in the case
of screening, increased separation reduces not only hot
phonon numbers but also electron-SO phonon coupling
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strength, resulting in a smaller effect of d on the power
loss.
In Fig. 14, PSO is shown as a function of ns for
Te = 100, 200 and 300 K. At all these temperatures, PSO1
and PSO2 decrease with increase of ns. When ns increases
by an order of magnitude, both PSO1 and PSO2 reduce
by a factor ∼4, which is comparable to the observation
made in bilayer graphene [30].
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Finally, we have presented in Fig. 15 the total power
loss due to all intrinsic acoustic and optical phonons PT
(from Fig. 6) and the total of surface optical phonons
PSO(= PSO1 + PSO2) as a function of Te, for ns = n0,
τp = 1 ps at T = 4.2 K. PSO is taken for d = 0.5 nm with
screening. The cross over of the PSO and PT takes place
at Te ' 130 K, above whichPSO is predominant. Further,
the difference keeps on increasing with PSO being nearly
6 times the PT at Te = 300 K.
We would like to make the following remarks with re-
gard to silicene on the substrate. Yeoh et al. [12] argue
that one of the reasons for the degradation of mobility
in the supported sample may be renormalization of vF ,
attributing to the interaction of Al2O3 with silicene re-
sulting in a structural reconstruction which renormalizes
the silicene band structure [17]. In Ref. [12] the deforma-
tion potential coupling is applied for SO phonon inter-
action with the electrons in silicene and make the choice
of vF = 3.4 × 107 cm/s to match the low field room
temperature mobility of 100 cm2/Vs [10]. Whereas, for
polar substrates, electron coupling with surface modes is
via Fro¨hlich coupling [29, 34], which is adopted in the
present study. In Ref. [20] with Fro¨hlich coupling and
vF = 3.4 × 107 cm/s, authors have obtained a mobility
close to the experimental value.
In the present analysis, SO phonon contribution to the
power loss is significantly large, because of the strong
Fro¨hlich coupling, compared to the intrinsic phonons.
The effect of SO phonon scattering can be reduced by
substrate engineering. The choice of a polar substrate
with the appropriate SO phonon energies and high- and
low- frequency dielectric constants, may be one possi-
ble way to reduce the substrate effect. For instance,
Konar et al. [34] suggest the dielectrics, with interme-
diate dielectric constants, such as AlN and SiC, as the
optimum choice for gate insulators for graphene. It is
also suggested in graphene that heat dissipation through
SO phonons can be suppressed through a non-polar sub-
strate such as diamond-like carbon [29] so that τe can
be enhanced. Samples with slower power transfer to the
substrate are preferred for applications in bolometers and
calorimeters.
It is important to note that, in the literature, the ex-
pressions given for momentum relaxation time τm due to
acoustic deformation potential coupling are differing by
a constant factor 2 or 4 [9, 12, 13, 16, 32, 40]. We could
obtain Eq. (8) of Hwang and Das Sarma [22] by taking
the angular dependence of the electron-acoustic phonon
matrix element (1 + cos θ)/2, due to chiral nature of the
wave function, and (1− cos θ) coming from the definition
of relaxation time for elastic scattering. It is suspected
that these differences may be due to the difference in the
angular dependence of the el-ph matrix element, the dif-
ference in the definition of the scattering matrix element,
and the confusion between scattering probability and the
inverse relaxation time [32, 41]. These differences in fac-
tor/s in turn lead to a discrepancy in D1 values used
by various authors. Moreover, we also note that to get
an agreement with the results of the FMC model, the
authors in Refs. [12, 13, 16] have varied deformation po-
tential coupling constants in their AFC model. It is also
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found that the results of Li et al. [9] and Fischetti and
co-workers [19] also differ. Fischetti [42] suspects that
the difference is due to the different discretization mesh
of k-points used to calculate the electron-phonon matrix
elements. We believe experimental data will be of great
help to set these parameters.
In the power loss calculations due to LO and TO
phonon scattering in graphene, the angular dependence
of the electron-optical phonon matrix element for these
modes are, respectively, (1 − cos θ)/2 and (1 + cos θ)/2,
and became negated after summing [29]. However,
the angular dependencies for all the intervalley acous-
tic phonons, intravalley and intervalley optical phonon
scattering in silicene are not known.
Finally, we would like to mention that our investigation
of the power dissipation of Dirac fermions is fully analyt-
ical and will be of great help to interpret the experimen-
tal observations. In the transport study, it is pointed out
that the analytical model may provide an intuitive in-
terpretation of the observed properties by means of basic
phenomena, even if they give less accurate results [13, 14].
The contribution of ZA phonons with quadratic disper-
sion to the power dissipation, due to the buckled nature
of the silicene, and its suppression may require separate
addressing.
IV. CONCLUSIONS
Hot electron power loss P is analytically studied in
suspended silicene by considering the electron scattering
by intra and intervalley acoustic (LA, TA, and ZA) and
optical (LO, TO, and ZO) phonons using the phonon en-
ergies and deformation potential constants extracted by
Li et al. [9] from FMC model. For electron temperature
Te . 30 K, the total power loss is governed by the in-
travalley acoustic phonons, particularly by TA phonons,
whereas for ∼30 K< Te . 200 K, intervalley acous-
tic phonons are the dominant cooling channels. Above
200 K, heat transfer is predominantly by the intra and
intervalley optical phonons. The total power loss in sil-
icene is of the same order of magnitude (but smaller) as
in graphene. However, for Te . 20 (∼2 K), where TA
(ZA) phonons are the dominant mechanisms, the total P
in silicene is greater than that in graphene by an order
of magnitude. At not too low Te, P due to intravalley
acoustic phonons increases with electron density ns. On
the other hand, P due to the intervalley acoustic and
intra and intervalley optical phonons is found to be inde-
pendent of ns. The energy relaxation time in silicene is
found to be nearly 4 times greater than that in graphene
and hence it may find applications in bolometers and
THz detectors.
Significance of the scattering by out-of-plane (ZA and
ZO) modes is examined by calculating P with and with-
out these phonons. Their contribution to the total P is
marginally significant.
In silicene on the substrate Al2O3, the power trans-
fer, PSO, to the SO phonons of the substrate is found to
be greater (∼6 times) than the intrinsic phonons in the
higher Te region. PSO is decreasing with increasing ns
and the hot phonon effect is found to reduce this power
loss significantly. The possibility of suppression of PSO
is discussed.
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